This research investigated the shear behavior of five full scale partially grouted masonry shear walls (PGMWs). The walls were built using concrete masonry units and having shear reinforcement ratios ranging from 0.085% to 0.169%. The specimens had grout horizontal spacings ranging from 610 mm (24 in.) to 1219 mm (48 in.).
and Schultz et al. (1998) tested twelve PG-MWs, having aspect ratios of 0.5, 0.7, and 1.0, to examine the effects of distribution and ratio of horizontal reinforcement. It was shown that increasing the aspect ratio from 0.5 to 0.7 significantly increased the ultimate shear stresses. However, increasing the aspect ratio from 0.7 to 1.0 had a negligible effect on the ultimate shear stresses. In addition, increasing the shear reinforcement ratio was found to increase the ultimate strength of slender walls but decrease those of the squat walls. Finally, it was concluded that the failure mechanism of PG-MWs differs from that of fully grouted shear walls. PG-MWs behaved similar to masonry infilled reinforced concrete frames. Recently, four partially grouted masonry shear walls have been tested (Minaie et al. 2010 ). It was found that the MSJC (2008) shear design equations overestimated the shear strengths of the four test specimens by a factor of approximately two. 
Shear strength Provisions of MSJC (2008)
The MSJC (2008) provisions use expressions 1 through 5 for calculating the nominal shear strength of masonry shear walls (V n ). These expressions recognize the contribution of masonry (V m ) and horizontal shear reinforcement (V S ). Unlike Matsumura's and Fattal's expressions, the MSJC shear provisions do not distinguish between PG-MW and fully grouted masonry walls. Where M/Vd = effective moment to shear ratio, A n = net cross sectional area, f' m = specified compressive strength of masonry, P = applied axial load, A sh = cross sectional area of shear reinforcement, and f yh = yield strength of horizontal shear reinforcement.
Research Objectives and Methods
The current MSJC shear design equations were developed and verified using research on fully grouted masonry shear walls. Shear design of partially grouted masonry walls (PG-MWs) according to MSJC (2008) provisions may lead to unsafe shear walls (Minaie et al. 2010 ). However, limited experimental work has been carried out in the United State to investigate the shear strength of partially grouted shear walls. Moreover, some of this data was generated using small scale tests or construction details different from those used in moderate to high seismic zones. Finally, the available experimental data was not well documented and some details of the test specimens were 
Experimental Program

Test specimens
Test wall specimens were constructed on oversized heavily reinforced foundations. Professional masons constructed the test specimens in a running bond using standard hollow concrete masonry units (CMUs) and face shell bedding. All specimens were 14 courses high and 6½ block units in length (Fig. 1) . Each specimen was nominally 2845 mm (112 in.) high, 2631 mm (103.6 in.) long, and 203 mm (8 in.) wide. Three different configurations of grout horizontal spacing were used as shown in Fig. 2 . Specimen identifiers were assigned using the following pattern: PGSSS-GG where PG stands for partially grouted, SSS represents the horizontal reinforcement ratio, and GG is the grout horizontal spacing in inches. For example, specimen PG085-48 is a partially grouted specimen having a horizontal shear reinforcement ratio of 0.085% and a grout horizontal spacing of 1219 mm (48 in.). Table 1 lists the specimen identifiers with the corresponding horizontal shear reinforcement ratios and grout horizontal spacing.
Continuous vertical flexural reinforcement was provided in each test specimens, i.e. there was no lap splice for the flexural reinforcement. All specimens had approximately the same total area of flexural reinforcement of 2323 mm 2 (3.60 in. 2 ), corresponding to a vertical reinforcement ratio of 0.5% (Table 1 and Fig. 2 ). The flexural reinforcement was selected such that the flexural capacity of every specimen exceeded its predicted shear capacity.
The shear capacity of each specimen was calculated using Eqs. The CMUs had a measured net area compressive strength of 18.1 MPa (2630 psi). The walls were built in three consecutive days. Courses 1 through 6 for each specimen were constructed on the first day. On the second day of construction, courses 1 through 6 were grouted in each wall and courses 7 through 12 were built. To connect the lateral load actuator to the wall (as explained later), 19 mm ( 3 / 4 in.) diameter threaded rods were installed in every cell at the 12 th masonry course prior to grouting. On the third day of construction, courses 7 through 12 in each specimen were grouted and courses 13 and 14 were laid and fully grouted. Each specimen was grouted using fine aggregate grout provided by a local ready-mix supplier. The grout had a measured compressive strength f g` = 29.2
MPa (4240 psi) (ASTM C1019-07). Masonry prisms were constructed during the construction of the wall-specimens and were tested according to ASTM C1314-07. The masonry compressive strength f m` was 11.3 MPa (1640 psi) for ungrouted prisms and 19.7 MPa (2860 psi) for grouted prisms. All the rebar used in the construction was Gr. 60 with average measured yield strength of 439 MPa (63.6 ksi). corresponding to an applied axial stress of 0.10 MPa (14 psi) was applied to the top of each specimen using two hydraulic jacks. The jacks were attached from its top end to a trolley having a minimal coefficient of friction that was free to move laterally under the I-beam girder. The jacks were connected from their bottom ends to a hollow structural steel tube 102 mm x 203 mm x 6 mm (4 in. x8 in.x 1 / 4 in.) which uniformly distributed the applied axial loads to the top surface of each test specimen. The applied axial loads were kept constant during testing.
Test setup and loading system
A 890 kN (200 kips) capacity single-ended hydraulic actuator was used to apply the required displacement at the 12 th CMU course of each test specimen. The actuator was attached to a loading steel frame at one end and to a pair of C-channels that were bolted to each wall specimen using thirteen 19 mm ( 3 / 4 in.) threaded rods that were grouted in place in the 12 th CMU course during construction (Fig. 3) . Finally, the foundation of each specimen was post-tensioned to the laboratory strong floor with six threaded rods.
Instrumentations
Each specimen was typically instrumented with 13 strain gages having a gauge length of 6.3 mm (0.25 in.) bonded to the flexural and shear reinforcing steel prior to construction of the walls and 17 string potentiometers mounted on the walls and foundations immediately before testing (Fig. 4) . The middle and top shear reinforcement had four strain gages each. The applied lateral load was measured using the load cell on the actuator.
Experimental Results
Specimen PG085-48
Specimen PG085-48 was constructed with 1219 mm (48 in.) grout horizontal spacing and a single D 16 (#5) rebar in each bond beam (ρ h = 0.085%). The first cracks were stair-step cracks passing through the mortar bed and head-joints in the bottom masonry panels in the south and north directions when pushing and pulling the specimen, respectively, to a drift angle of 0.11% (40.0 kN (9.0 kips) 45˚ cracks indicative of the formation of compression struts within the panel (Fig. 5 ). In addition, spalling of the south end shells of the 3 rd through the 5 th CMU courses was observed (Fig. 5) . Table 2 summarizes the main events occurred during testing the specimen.
Specimen PG120-48
Specimen were found to be detached from the wall but still resting in place. Fig. 6 shows a close-up of the damage after the detached masonry was removed. Table 2 summarizes the main events occurred during testing the specimen.
Specimen PG169-48
Specimen PG169-48 was constructed with 1219 mm (48 in.) grout horizontal spacing and two D 16 (#5) rebar in each bond beam (ρ h = 0.169%). Similar to specimens PG120-48 and PG085-48, stair-step cracks appeared in the lower masonry panels followed by the upper masonry panels. Then, during testing to a drift angle of 0.54% (185 kN (41.6 kips)), a vertical crack in the face shell of the last unit at the south end of the 7 th course (i.e. just above the middle bond beam) developed (Fig. 7) . This crack was similar to those observed in specimens PG085-48 and PG120-48 that led to the detachment of masonry face shells. By a drift angle of 0.65% (202.9 kN (45.7 kips)), the specimen reached its peak lateral strength and the diagonal cracks widths significantly increased. During testing to a drift angle of 0.87% (158.9 kN (35.7 kips)), an approximate 22% drop occurred in the lateral strength of the specimen and the test was stopped. Table 2 summarizes the main events occurred during testing the specimen.
Specimen PG085-32
Specimen PG085-32 was constructed with 813 mm (32 in.) grout horizontal spacing and a single D 16 (#5) in each bond beam (ρ h = 0.085%). The first cracks were stair-step crack passing through the outermost bottom masonry panels. These cracks were followed by stair-step crack in the top masonry panels. By reaching a drift angle of 0.87%
(213 kN (47.8 kips)), 45˚ cracks developed through the CMUs and bed and head-joints in all panels ( (Fig. 7) . By this drift angle, the test was stopped where significant 45˚ cracks passing through the CMUs and mortar joints developed leading to an approximate reduction of the lateral strength of the specimen by 23%. Table 2 summarizes the main events occurred during testing the specimen.
Specimen PG085-24
Specimen PG085-24 was constructed with 610 mm (24 in.) grout horizontal spacing and a single D 13 (#5)
in each bond beam (ρ h = 0.085%). Similar to the other specimens, stair-step cracks developed in the lower masonry panels followed by the upper masonry panels. Then, 45˚ cracks developed through the CMUs in all panels. While testing to a drift angle of 1.1% (240 kN (54.0 kips)), diagonal cracks formed in the face shells in the bond beam and in the upper southern masonry panel (Fig. 8) . While testing to a drift angle of 1.3% (60.5 kips (269 kN)), a vertical splitting crack on the south end formed in the end shell at the 6 th course. While testing to a drift angle of 1.5% (66.4
kips (295 kN)), the specimen reached its peak strength and the diagonal cracks, that started at a drift angle of 1.1%, extended down into the lower southern panel. These cracks opened significantly while testing to a drift angle of 1.7%
(54.2 kips (241 kN)) leading to reduction in the lateral strength of the specimen by an average of 19%. In addition, the splitting crack in the south end shells extended along the height of four masonry units. Table 2 summarizes the main events occurred during testing the specimen.
Hysteretic Performance of The Test Specimens
The load-drift hysteretic curves of the test specimens are shown in Fig. 9 . The hysteretic response was obtained by plotting the measured lateral forces from the load cell of the actuator versus the measured displacement at 12 th masonry course. As shown in the figure, the hysteretic behaviors of all specimens were similar except for specimen PG169-48 where the high reinforcement ratio led to brittle failure. All specimens displayed stable symmetrical hysteresis loops with relatively narrow loops before reaching its ultimate lateral strength at lateral drifts of approximately 1.1 to 1.5%, except for specimen PG169-48. Specimen PG169-48, which had the highest shear 
Discussion
This section discusses the behavior of the test specimens. The discussion includes the following characteristics of the test specimens: (1) Effects of grout horizontal spacing; (2) Effects of horizontal shear reinforcement ratio; and (3) Comparisons between the measured and calculated strengths of the test specimens.
Effects of Grout Horizontal Spacing
The effects of grout horizontal spacing on lateral strength, stiffness, and displacement ductility is presented in this section. Grout horizontal spacings were 1219 mm (48 in.) (specimen PG085-48), 813 mm (32 in.) (specimen PG085-32), and 610 mm (24 in.) (specimen PG085-24). These three specimens had the same horizontal reinforcement ratio of 0.085%. Fig. 10(a) shows the backbone curves of these three specimens obtained using the procedure detailed in FEMA 356 (2000). Fig. 10(b) shows the backbone curves of these specimens after normalizing by the peak strength of each specimen. Examination of Fig. 10 shows the effects of the grout horizontal spacing on the lateral strength, stiffness, and displacement ductility of these three test specimens. The grout horizontal spacing did not have systematic effects on the deformability of the test specimens. All test specimens reached approximately the same ultimate drift angles with specimen PG085-24 having slightly higher ultimate drift angle. Similarly, there
were no systematic effects of the grout horizontal spacing on the displacement ductility of the test specimens. The three partially grouted specimens reached a displacement ductility factor of approximately 1.25. The displacement ductility of each specimen was calculated using an idealized elasto-plastic backbone curve (Nolph 2010 ). Finally, the three test specimens had approximately the same initial stiffness with specimen PG085-48 having a slightly lower initial stiffness. As mentioned earlier, the axial strains in the rebar in the middle bond beams were measured using strain gages. The lateral force vs. axial strain in the shear reinforcement is shown in Figure 13 . In addition, vertical lines representing the value of the rebar yield strain are shown in the same figure. As shown in the figure the response was stable and symmetric. For small applied lateral forces, the permanent dilation in the rebar (measured at zero lateral force) is small indicating minimal opening of shear cracks. Once the applied lateral force increased, the rate of increase in the axial strains in the rebar increased and the residual strains at zero lateral force increased indicating increase in the shear crack widths. For specimens having the same horizontal reinforcement ratio but different grout horizontal spacing, the rebar in the three specimens reached or exceeded the steel yield strain. Interestingly, using smaller horizontal spacing between the vertical grouted cells resulted in higher strains in the shear rebar. For specimen PG085-48, the shear rebar reached a peak axial strain of 2600 micro-strain which is approximately 119%
of the yield strain of the rebar. The shear rebar reached its yield strain just few loading cycles before the specimen reached its ultimate displacement and by the end of the test, the residual strain in the shear rebar was approximately 700 micro-strains. For smaller grout spacing i.e. 813 mm (32 in.) and 610 mm (24 in.), the ultimate strains were significantly higher than the yield strain of the rebar with high residual strains. The ultimate strains in specimens PG085-32 and PG085-24 were 7400, and 7000 micro-strain which are approximately 338%, and 320% of the yield strain of the rebar, respectively. By the end of the test, the residual strains in the shear rebar of specimens PG085-32 and PG085-24 were approximately 4700, and 5000 micro-strains, respectively.
The measured strains in the shear rebar were converted into axial forces by multiplying the measured axial strains by the cross sectional area of shear reinforcement rebar and E-modulus of the rebar. The calculated forces in the rebar were capped by the force corresponding to the yield stresses in the rebar. The peak lateral force in the rebar at each drift angle level was plotted vs. the lateral drift angle in Fig. 14 . Also, shown in the figure is the lateral drift vs. the applied shear force i.e. backbone curves. The difference between the force in the shear reinforcement and the backbone curve represents the forces carried by masonry alone. As shown in the figure, the specimens exhibited similar patterns of force development in the masonry with the engagement of the shear reinforcement started at a lateral drift of approximately 0.4%. Before that, the masonry alone is resisting the applied shear force. Finally, the masonry contribution to the shear strength increased with decreasing grout horizontal spacing.
Effects of Shear Reinforcement Ratio
For specimens having grout horizontal spacing of 1219 mm (48 in.), horizontal reinforcement was provided at ratios of 0.085% (specimen PG085-48), 0.120% (specimen PG120-48) and 0.169% (specimen PG169-48). Fig.   15(a) shows the backbone curves of the three specimens that had the same grout horizontal spacing but different reinforcement ratio. Fig. 15(b) shows the backbone curves of the same three test specimens after normalizing by the peak strength of each specimen. Fig. 16(a) constant. Voon (2007) concluded that for a given masonry wall there is a certain threshold of shear reinforcement beyond which there is no effect from any additional shear reinforcement. For partially grouted walls, Fattal (1993b) suggested an upper limit of 0.2% for shear reinforcement. This is close to the shear reinforcement provided to specimen PG48-169. Finally, changing the horizontal reinforcement ratio neither significantly changed the initial stiffness nor the deformability of specimens PG085-48 and PG120-48. However, doubling the shear reinforcement ratio from specimen PG085-48 to PG169-48 significantly reduced the ultimate drift angle of specimen PG169-48. Fig. 13 shows the axial strains in the shear reinforcement vs. the applied lateral load. As shown in the figure, the behaviors of the three specimens are identical. However, for specimens having high shear reinforcement ratio, i.e. specimens PG169-48 and PG120-48, the rebar did not reach the yield strains with ultimate strains of 1100 and 1800 micro-strains which are approximately 50% and 82% of the yield strain of the rebar, respectively. By the end of the test, the residual strains in the shear rebar were approximately 200 and 500 micro-strains for specimens PG169-48
and PG120-48, respectively. For specimen PG085-48, the shear rebar reached a peak axial strain of 2600 microstrain which is approximately 119% of the yield strain of the rebar. Fig. 16(b) shows the maximum axial strains in the horizontal reinforcement vs. the shear reinforcement ratio. As the figure shows, increasing the shear reinforcement ratio caused a linear decrease in the ultimate strain in the shear reinforcement. Also, shown in the figure is a line representing the relationship between the horizontal reinforcement ratio and the peak strains in the rebar. This relationship was developed based on regression analysis of these limited test data. Based on the regression analysis, a horizontal reinforcement ratio of approximately 0.11%, or less, will result in yielding of the horizontal reinforcement. As indicated in Eq. 3, the MSJC (2008) shear provisions assume yielding of the shear reinforcement which was not the case for horizontal reinforcement ratios greater than approximately 0.11%.
However, this proposed ratio is based on the results of only 3 specimens and more specimens are required to come up with an upper limit for shear reinforcement ratio. 
Measured vs. Predicted Shear Strength Using MSJC (2008) Provisions
The predicted strength of each test specimen (V n ) using the MSJC ( For the three specimens with reinforcement ratio of 0.085% and variable grout horizontal spacing, Fig.   18 (b) shows that the error in the strength predictions using the MSJC (2008) shear equations is linearly correlated to the grout horizontal spacing. With the shear reinforcement ratio constant, V ns (Eq. 3) is constant for all three specimens. Therefore, the total nominal shear strength (Eq. 1) varies due to V nm , the nominal shear strength contributed by the masonry (Eq. 2). The contribution to V nm from the axial load is constant for all three specimens.
The only variable between the three specimens is the net cross sectional area of masonry. This suggests that a reduction factor of some type should be applied to the nominal shear strength contributed by the masonry, V nm , for partially grouted shear walls. It is worth noting that both Matsumura's and Fattal's model used a reduction factor applied to the V nm term in the case of partially grouted walls. Eq. 6 shows a reduction factor developed based on the limited data set presented in this manuscript.
Where A g is the gross cross sectional area.
Other Codes and Methods
The strengths of the test specimens were calculated using the 
SUMMARY AND CONCLUSIONS
This research investigated the shear behavior of five full scale partially grouted masonry shear walls (PGMWs). The walls were built using concrete masonry units and having shear reinforcement ratios ranged from 0.085% to 0.169%. The specimens had grout horizontal spacings ranged from 610 mm (24 in.) to 1219 mm (48 in.).
All the specimens were tested under constant gravity load and incrementally increasing in-plane loading cycles. In addition, the current provisions of the Masonry Standards Joint Committee (MSJC), New Zealand Code for Masonry
Structures, Fattal's model, and strut and tie models were used to predict the shear strengths of the tests specimens.
The following findings and conclusions were drawn from the research presented in this manuscript:
 There appears to be a maximum shear reinforcement ratio after which no additional shear capacity is achieved. Based on the experimental results, the maximum value appears to be approximately  The strut and tie model was a good predictor for all specimens. The partially grouted specimens were all predicted within ±10%.  Hair cracked occurred in the bed and head-joints of this specimen developed while moving the specimen into the testing frame.
